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Abstract. A geographical information systems model that identifies regions of the United States of America (USA) suscepti-
ble to West Nile virus (WNV) transmission risk is presented. This system has previously been calibrated and tested in the
western USA; in this paper we use datasets of WNV-killed birds from South Carolina and Connecticut to test the model in
the eastern USA. Because their response to WNV infection is highly predictable, American crows were chosen as the primary
source for model calibration and testing. Where crow data are absent, other birds are shown to be an effective substitute.
Model results show that the same calibrated model demonstrated to work in the western USA has the same predictive abi-
lity in the eastern USA, allowing for a continental-scale evaluation of the transmission risk of WNV at a daily time step. The
calibrated model is independent of mosquito species and requires inputs of only local maximum and minimum temperatu-
res. Of benefit to the general public and vector control districts, the model predicts the onset of seasonal transmission risk,
although it is less effective at identifying the end of the transmission risk season. 
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Introduction
Since its arrival in the United States of America
(USA) in 1999, West Nile virus (WNV) has established
itself across the country (Enserink, 2002), posing a
health risk to humans and other animals. WNV is an
arbovirus (Flaviviridae, Flavivirus) primarily transmit-
ted by mosquitoes, whereas birds serve as the primary
reservoir (Hayes, 1989). Temperature is a necessary
and limiting factor influencing the ability of mosqui-
toes to transmit WNV (Reisen et al., 2006; Konrad et
al., 2009). The time required for the virus to spread
within the mosquito from the gut to the salivary
glands, the extrinsic incubation period (EIP), decreases
as the temperatures to which the mosquito is exposed
after introduction to the virus increase (Reisen et al.,
2006). If the EIP is completed while the mosquito con-
tinues to seek blood meals, the infected mosquito
becomes capable of infecting other animals. Without
enough heat and time, a mosquito which has taken an
infected blood meal will not be able to transmit the
virus. Thus, the local temperatures during the mosqui-
to’s feeding cycle are critical to determining whether a
virus will spread. 
Previously, we developed a geographical informa-
tion system (GIS)-based model, which summed degree-
day (DD) temperatures over the duration of the vector
feeding period to spatially and temporally evaluate the
risk of mosquitoes transmitting arboviruses (Zou et
al., 2007; Konrad et al., 2009, 2011; Konrad and
Miller, 2012). The model was initially created to work
with WNV transmitted by Culex tarsalis mosquitoes,
but can be adapted for other arboviruses and mosqui-
to species by changing a few model parameters. The
difficulty in model development and calibration is in
knowing how parameters change as a function of virus
type and mosquito species.
Model parameters can be determined with captive
mosquitoes or using observational data. Previous
research has shown that model calibration can be suc-
cessfully achieved using WNV-killed birds (Konrad et
al., 2009; Schrag et al., 2011). Many regional vector
control districts have active or historical surveillance
programmes for WNV which involve the collection
and testing of dead birds. Our approach exploits the
position and timing of these collected birds, along
with local temperatures leading up to the birds’ death,
the time it takes for birds to die post-infection, and
estimates of both mosquito and bird travel distances.
We successfully calibrated the model for WNV tran-
smission in Santa Clara county, California (Konrad et
al., 2009) and in the northern Rocky Mountains
(Schrag et al., 2011), finding that similar parameters
worked in both locations independent of mosquito
species. Here, we test the calibrated model in eastern
USA, using birds collected in South Carolina and
Connecticut.
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Materials and methods
Daily maximum and minimum temperatures were
downloaded from DAYMET (http://daymet.ornl.gov/;
Thornton et al., 1997) on a 5-km grid for both South
Carolina and Connecticut. DAYMET provides inter-
polated historical temperatures across the continental
USA at a relatively fine grid that allows for high cali-
bration accuracy. As DAYMET temperatures were
only available through 2003, we limited our study to
2002-2003 in South Carolina and 2000-2003 in
Connecticut (WNV first appeared in late summer
1999 in Connecticut and by mid-summer 2001 in
South Carolina). Other inputs to the DD model inclu-
de the length of the vector feeding period (defined as
the time between the mosquito’s first and last blood
meal), the number of DDs necessary to reach EIP and
the minimum transmission temperature. Previous
research in the western USA provided baseline para-
meters from which we tested the model for South
Carolina and Connecticut: initial model parameters
were 76 DDs to reach EIP, a minimum transmission
temperature of 14.3 °C, and a 12-day feeding period
(Konrad et al., 2009). 
The model sums the DD temperature for each grid
square over a moving window the length of the fee-
ding period, thus determining a DD sum for every
point every day. If this sum is greater than the EIP, the
model predicts transmission is possible; if less, tran-
smission is not possible. The DD calculations follow
Allen (1976) assuming a sinusoidal temperature
variance between the daily maximum and minimum
temperature. They are described in detail by Konrad et
al. (2009, 2011) and Konrad and Miller (2012). 
As with the Santa Clara county calibration (Konrad
et al., 2009), we allowed for bird movement between
the time of infection and death, mosquito movement
during the feeding period, and the time between bird
infection and death. In this study, we used American
crows as they tend not to travel too far and die relati-
vely quickly post-infection (McLean et al., 2001;
Yaremich et al., 2004). All other collected birds were
used for comparison with the crow dataset. The model
was tested with the numbers that were successful in
California: American crow death occur 4-8 days post-
infection (McLean et al., 2001, Komar et al., 2003,
Brault et al., 2004), crows travel up to 8 km in that
period (Yaremych et al., 2004), and mosquitoes travel
up to 2 km during their feeding period (Reisen and
Lothrop, 1995). For analysis purposes, a temporal
range of 4-10 days was selected (the extra 2 days
allowing for time between the crow’s death and its col-
lection). The mosquito and the crow ranges combine
for a maximum allowable travel distance of 10 km,
measured from the site at which the dead crow was
collected. Thus, if a dead crow is found within 10 km
of a predicted risk location, and that location was at
risk at some point during the 4-10 days before the
crow was found, then the crow’s death is considered to
be successfully accounted for by the model.
Conversely, if the model predicts no transmission risk
within a radius of 10 km around the dead crow during
the 4-10 days before the collection date, then the
crow’s death is considered to be unaccounted for by
Fig. 1. WNV-positive crows collected in South Carolina in 2002 and 2003. Background shows the total number of predicted
WNV-transmission risk days for the given year. 
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the model. 
Results and discussion
Fig. 1 shows the locations of WNV-positive crows
collected in South Carolina in 2002 and 2003 against
a backdrop of the number of annual risk days deter-
mined for each grid square over the course of the year
(days in which temperature-limited transmission could
occur). The year 2002 was overall a warmer year than
2003; however, fewer WNV-positive crows were col-
lected. In both years, the southern part of the state
experienced a greater number of risk days than the
north-western portion, but there does not appear to be
any particular correlation between where and when
the crows were found. Fig. 2 shows the locations of all
WNV-positive birds including crows collected in
Connecticut in 2000-2003 against a backdrop of pre-
dicted annual risk days. As in South Carolina, 2003
was generally cooler than 2002 in Connecticut, with
2001 being cooler yet, and 2000 the coolest year of the
four. Again, there is no obvious correlation between
where and when the birds were found with respect to
temperature trends across the state.
Table 1 summarises the WNV-positive bird data for
both states, showing the total numbers of all birds and
crows, and the percentage of each that are accounted
for by the temperature-based transmission risk model
using the California parameters. As we found in
California, the model worked well to describe the bird
deaths at the start of the risk “season” as temperatu-
res warm into summer but did not successfully predict
the deaths towards the end of the season when autumn
Fig. 2. WNV-positive birds (all species) collected in Connecticut from 2000-2003. Background shows the total number of predicted
WNV-transmission risk days for the given year.
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temperatures were often too low to predict transmis-
sion. However, birds were still dying from WNV (Fig.
3). These late-season deaths can likely be attributed to
lateral virus transmission through direct contact or
faecal contamination (Dawson et al., 2007,
Hartemink et al., 2008), which are not accounted for
in our model. The model does a particularly poor job
of accounting for the late-season deaths in
Connecticut (12-38%). It is unclear why this would be
the case. One possibility is that Connecticut has higher
bird density than the other states (more dead birds
were collected in Connecticut than either South
Carolina or California, even though Connecticut is the
smallest state of the three), creating the opportunity
for more lateral virus transmission. 
Because of the importance of both informing the
public and appropriately controlling mosquitos at the
onset of WNV transmission, it is more important that
the model accurately predict early-season bird deaths.
In South Carolina, only one early-season bird death
All birds All crows
Location and year
No. WNV 
positive
Percent 
fit model
No. early 
season not fit
No. WNV 
positive
Percent 
fit model
No. early 
season not fit
South Carolina, 2002
South Carolina, 2003
Connecticut, 2000
Connecticut, 2001
Connecticut, 2002
Connecticut, 2003
Santa Clara county, 2005
Santa Clara county, 2006
Montana/Wyoming, 2003-2007
52
277
1085
441
528
514
-
-
25
87
91
62
79
86
86
-
-
100
0
1
0
1
6
2
-
-
0
20
93
1085
419
501
435
122
217
-
95
95
62
79
86
88
90
94
-
0
0
0
1
6
2
2
0
-
Table 1. Comparison of WNV-killed bird data. The total number of WNV-positive birds (including crows) and crows collected, the
percent of these that are accounted for by the model, and the number of birds collected before the model-predicted onset of the tran-
smission season are shown. California and Montana/Wyoming data from Konrad et al. (2009) and Schrag et al. (2011), respectively.
Fig. 3. All birds plotted against collection date. Blue signifies that the bird’s death from WNV was accounted for by the calibrated
model; red signifies that it was not. Note that the vertical scale denoting the number of birds collected varies between states and
years.
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(and no crow deaths) was not correctly predicted by
the model (0.3% of the total birds collected). In
Connecticut, a total of nine bird (all crows) early-sea-
son deaths were not predicted (also 0.3% of the total
birds collected). For comparison, Table 1 includes data
from two previous studies: Santa Clara county,
California (Konrad et al., 2009) and northern
Wyoming/southern Montana (Schrag et al., 2011). In
California, two early-season crow deaths were missed
out of 339 collected (0.5%), and in Wyoming/
Montana, no early season deaths failed to be predicted. 
The parameters originally derived in California pre-
dict the transmission risk equally well in various loca-
tions across the USA, including the Rocky Mountain
region (Wyoming/Montana), the Northeast
(Connecticut) and the Southeast (South Carolina).
Therefore, the local species of mosquito, or variations
in virus genotype in the region, does not appear to be
of primary importance, as the most likely vector in
Santa Clara county is the hybrid Culex pipiens/Cx.
quinquefasciatus, in Montana/Wyoming Cx. tarsalis,
in Connecticut Cx. pipiens (Andreadis et al., 2004),
and in South Carolina Cx. quinquefasciatus and Cx.
nigripalpus (Rutledge et al., 2003; Godsey et al.,
2005). The variance of the percentage of all bird spe-
cies versus crows that fit the model (Table 1) is prima-
rily due to the late season deaths, for which there are
alternate transmission mechanisms likely at work sug-
gesting that other birds can be effectively used to test
the model in new locations. 
Our hope is that this model, which effectively pre-
dicts the onset of the WNV risk season across the
USA, will be used by local vector control districts to
help determine the timing and extent of vector mitiga-
tion efforts. To this end, we have created a free, onli-
ne version of the model that automatically updates
daily risk forecasts (Konrad et al., 2012).
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